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Abstract
Purpose  Juvenile angiofibroma (JA) is a rare, benign fibrovascular tumor that predominantly affects adolescent males. The 
underlying biological mechanisms remain poorly understood. Fibroblast activation protein (FAP), known for its involve-
ment in tumor invasion, matrix remodeling, and angiogenesis, has been implicated in various malignancies but has not been 
studied in JA so far.
Methods  We investigated FAP expression in JA samples (N = 19) using real-time (RT)-PCR (N = 10) and immunohistochem-
istry (N = 18). In addition, Vimentin and PECAM1/CD31 were analyzed to further characterize the tumor microenvironment. 
For one patient, preoperative FAPI-PET/CT imaging was conducted, and FAP expression was correlated with radiotracer 
uptake. Postoperative histopathological analyses of the excised tumor were performed to validate the imaging findings.
Results  We found consistent expression of FAP, Vimentin and PECAM1/CD31 in all JA analyzed by RT-PCR. Moreover, 
substantial intra-and intertumor heterogeneity in FAP protein expression was observed, ranging from negative up to strong 
positive areas. Vimentin and PECAM1/CD31 showed variable expression patterns consistent with the fibrovascular charac-
ter of JA. FAPI-PET/CT imaging accurately identified the tumor, with radiotracer uptake closely matching the distribution 
of FAP expression observed histologically.
Conclusions  This study is the first demonstrating FAP expression in JA and validating its occurrence using FAPI-PET/CT 
imaging. The strong correlation between FAP expression and radiotracer uptake in FAPI-PET/CT highlights the potential of 
this imaging modality as a non-invasive diagnostic tool. This will improve diagnosis and is the basis for further investiga-
tions of FAP-targeted therapies for JA treatment.
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Transition (EMT) · Tumor biomarker · Non-invasive imaging
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Introduction

Juvenile angiofibroma (JA) is a benign fibrovascular tumor 
that predominantly affects male adolescents. Recent studies 
suggest that it originates from persistent neural crest cells 
[1] at the site of remnants of the first branchial arch near 
the sphenopalatine foramen [2]. This embryological theory 
explains the tumor’s specific localization and unique vascu-
lar supply.

However, its almost exclusive manifestation in male 
adolescents suggested a hormonal influence. A study 
investigating various hormone receptor mRNAs unexpect-
edly identified luteinizing hormone receptor (LHR) in JAs 
[3]. Further investigations using in-situ hybridization and 
immunostaining confirmed LHR expression in JAs associ-
ated with pathological blood vessels [4]. As the physiologi-
cal LH serum levels rise in male puberty, this can explain 
the sex-specific prevalence of JAs.

Epithelial-mesenchymal transition (EMT), a key pro-
cess in embryogenesis, may further elucidate the distinct 
tumor architecture in JAs [1]. Numerous studies support 
this intriguing theory by identifying various embryologi-
cal markers, such as laminin alpha 2 [5] and TSHZ1 [6]. 
Moreover, various growth factors, such as TGF-beta 1 [7] 
and FGF [8], have been identified, affecting both tumors’ 
vascular and fibrous components. Given that these are not 
specific to JAs, potential side effects in other body parts 
must be considered in therapeutic interventions targeting 
these growth factors.

In this context, the fibroblast activation protein (FAP) 
may emerge as an intriguing candidate, particularly intend-
ing new therapeutic options in JA treatment. FAP is a 
membrane-bound serine protease with both dipeptidyl pep-
tidase and endopeptidase activity. While FAP expression is 
typically low or undetectable in healthy tissue [9, 10], its 
expression has been implicated not only in multiple malig-
nancies but also in wound healing processes and various 
diseases such as arthritis [9]. Additionally, fibroblast dif-
ferentiation [11], extracellular matrix (ECM) remodeling, 
and also tumor invasion and migration are attributed to 
FAP. Hence, FAP regulates signaling pathways that promote 
tumor growth and angiogenesis and was reported to be asso-
ciated with antitumor immune responses [10].

Consequently, the FAP inhibitor (FAPI) has been effec-
tively utilized in PET/CT diagnostics for a variety of onco-
logical and non-oncological diseases [12, 13]. Hereby, 
FAPI-PET/CT is particularly valuable for tumor diagnosis, 
as clinical studies demonstrate its high sensitivity and speci-
ficity while providing better image contrast than traditional 
18F-FDG-PET/CT [12]. The 68Ga-FAPI tracer displayed 
greater sensitivity in identifying primary tumors and metas-
tases across multiple cancer types than 18F-FDG-PET/CT. 

This technology enables significant selective tumor uptake, 
creating new opportunities for non-invasive tumor charac-
terization [14].

However, the role of FAP in JA has not yet been investi-
gated. In this study, we investigated FAP expression in JA, 
serving as an interesting and promising target for the diag-
nosis and treatment of juvenile angiofibroma.

Materials and methods

Tumor specimens

This study analyzed tumor tissue samples from 19 male 
JA patients aged 11 to 24 (average age 15.8) who were 
diagnosed and underwent surgery at Saarland University 
Hospital between 2010 and 2024 (Suppl. Table 1). Writ-
ten informed consent was obtained from all patients, and 
human tissue was used according to the Code of Ethics of 
the World Medical Association (Declaration of Helsinki) 
and approved by the Institutional Review Board (#218/10) 
at Saarland University.

Real-time PCR (RT-PCR)

RNA isolation and quantification

Total RNA was isolated from snap-frozen tumor tissue 
(N = 11) using the RNeasy Mini Kit (Qiagen) according to 
the manufacturer’s protocol. RNA concentration was quan-
tified with a Nanodrop spectrophotometer, and 100 ng of 
total RNA was reverse transcribed using the Superscript 
IV Vilo kit (Thermo Fisher). RT-PCR reactions were car-
ried out in technical triplicates for each primer pair utiliz-
ing TaqMan® assays (FAP: Hs00990791_m1; PECAM1/
CD31: Hs01065279_m1; Vimentin: Hs00958111_m1; 
ß2-microglobulin: Hs00187842_m1; Thermo Fisher) on an 
ABI StepOne Plus™ instrument (Applied Biosystems® Life 
Technologies). The thermal profile for RT-PCR included a 
pre-incubation step at 95 °C for 20 s, followed by 40 cycles 
of denaturation at 95 °C for 1 s and annealing/extension at 
60 °C for 20 s.

Normalization and data visualization

The PCR data were normalized using Delta-Ct values cal-
culated relative to the housekeeping gene β2-microglobulin 
to account for input RNA quantity. To examine the relation-
ships between the gene expression levels of FAP, PECAM1/
CD31, and Vimentin, the data were assessed for normal-
ity and linearity. FAP, PECAM1/CD31, and Vimentin data 
showed normal distribution. Linearity occurred only for 
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FAP and PECAM1/CD31, permitting Pearson’s correlation. 
For FAP-Vimentin and PECAM1/CD31-Vimentin, linear-
ity was lacking, requiring Spearman’s rank correlation as a 
non-parametric test. The data were visualized using a heat-
map to display gene expression levels. A divergent color 
scale was used, with blue indicating high gene expression 
and yellow indicating low gene expression.

Statistical validation, software and tools

All analyses and visualizations were performed using R and 
Python, leveraging key libraries such as pandas for data 
manipulation, seaborn and matplotlib for visualizations, 
and scipy for statistical analyses.

Immunohistochemistry

To detect the expression of FAP, Vimentin, and PECAM1/
CD31 in the different tissue components of JAs, forma-
lin-fixed, paraffin-embedded samples available from 18 
patients and two recurrent samples were utilized for immu-
nohistochemistry. From each sample, 3-micron slides were 
deparaffinized, and heat-induced antigen retrieval was done 
in citrate buffer (pH 6.0). Incubation with the specific pri-
mary antibodies FAP (1:500, ab53066, Abcam), CD31 
(1:40, Dako Agilent), and Vimentin (1:1000, M0725, Dako 
Agilent) was performed overnight at 4  °C. For negative 
controls, antibody dilution buffers without primary antibod-
ies were applied. The DAKO Fast Red Kit and DAB Kits 
(K5005 and K5007, Dako Agilent) were used for detection 
according to the manufacturer’s instructions. Afterward, 
the slides were counterstained with Mayer’s Hematoxylin 
(MHS32, Merck). Two independent observers estimated the 
percentage and distribution of positive cells in JA stromal 
and endothelial cells. The overall immunoreactivity was 
scored using a four-tier scale system based on the rate of 
positive cells: 0, negative; 1, immunoreactivity in less than 
25%; 2, moderate immunoreactivity in less than 75%; and 3, 
immunoreactivity in 75% or more of the cells.

68Ga-FAPI-04 PET/CT

68Ga-FAPI-04 was labeled as described previously [15]. 
After injecting 146 MBq of 68Ga-FAPI-04 (adapted to the 
patient’s body weight), PET/CT images were acquired 
15  min post-injection with a Biograph 40 mCT PET/CT 
scanner (Siemens Medical Solutions). The slice thickness 
was 3  mm, and PET acquisition was performed from the 
skullcap up to and including the liver at 3  min/bed posi-
tion. The extended field of view was 21.4 cm (TrueV). PET 
reconstruction was performed with a three-dimensional 
OSEM algorithm with three iterations, 24 subsets, Gaussian 

filtering, and a slice thickness of 5 mm. Decay, scatter, atten-
uation, and random correction were applied. For anatomical 
localization and attenuation correction, a low-dose CT scan 
was performed with an X-ray tube voltage of 120 keV and 
modulation of the tube current with CARE Dose4D with 
a reference tube current of 35 mAs. The CT scans were 
performed with a 512 × 512 matrix, reconstructed with an 
increment of 3 mm and a slice thickness of 5 mm.

Results

Gene expression analysis

RT-PCR analyses of 11 samples from 10 juvenile angio-
fibroma (JA) patients showed the distinct fibrovascular 
nature of JA. In all tumors, a heterogeneous expression of 
PECAM1/CD31 as a marker for vascular components and 
Vimentin, reflecting the mesenchymal and stromal charac-
teristics of the tumor, was observed. Interestingly, all inves-
tigated tumors revealed a pronounced expression of FAP.

Data visualization

FAP expression was consistently observed in all samples. 
The heatmap (Fig.  1) displays the samples related to the 
PECAM1/CD31 expression from high to low. By correla-
tion analysis, a tendency (r = 0.52; p = 0,08) for a positive 
relationship between FAP expression and PECAM1/CD31-
positive vascular tumor areas was identified. No significant 
correlation was seen for patient age or grading.

The varying expression levels, also between samples of 
the same patient (Sample 6), reflect the heterogeneity of JA.

Immunohistochemistry

Next, immunohistochemical studies validated the relation-
ships indicated by PCR analyses and correlated expression 
patterns with tumor morphology. A double-staining approach 
for FAP and CD31 confirmed FAP expression in all JA sam-
ples showing FAP-positive stromal cells near CD31-positive 
vascular regions (Fig. 2) and FAP expression in endothelial 
CD31-positive cells. As our PCR findings suggested, the var-
ied vascular and stromal components underscore spatial and 
functional differences within the tumor microenvironment.

Comparison of tumoral FAP-expression after 
immunohistochemical staining and 68Ga-FAPI-04 
uptake

Based on the findings from RT-PCR and immunohistochem-
istry proving FAP expression in juvenile angiofibroma, we 
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tracer-rich areas noted in the FAPI-PET. In contrast, the 
tumor center had a lower FAP density (Fig. 5).

Discussion

Due to its distinctive pathophysiological features, JA 
represents a diagnostic and therapeutic challenge. Cur-
rent research seeks to understand JA’s pathophysiology 
to develop new diagnostics and better treatments. As use-
ful targets are lacking, surgical excision remains the gold 
standard. While the expression of FAP has been well-doc-
umented in numerous malignant epithelial tumors [16–23], 
FAP was not detected in benign epithelial tumors so far [24]. 
This study is the first to demonstrate FAP expression in JAs. 
We successfully employed FAPI-PET/CT imaging, pro-
viding a direct translational “bench-to-bedside” approach. 
Our findings offer new biological insights and a promising 
foundation for innovative diagnostic and therapeutic strate-
gies regarding JAs. Our RT-PCR and immunohistochemical 
studies confirmed FAP’s role in JA. While there were quan-
titative differences in FAP expression across samples, PCR 

pursued the application of 68Ga-FAPI-04 PET/CT in a recent 
suspected case of JA to validate these insights in vivo preop-
eratively. The FAPI-PET/CT revealed significant uptake in 
the tumor region. Upon closer analysis of the imaging data, 
a particularly strong, circular uptake pattern was observed 
along the entire circumference of the tumor periphery 
(SUVmax 8.9, SUVpeak 7.1). In contrast, the tumor center 
exhibited comparatively lower uptake (SUVmax 4.7, SUV-
peak 4.5 (Fig. 3)).

Postoperative correlation of FAPI-PET-uptake 
distribution with immunohistochemistry

The tumor was resected in toto and subsequently processed 
for immunohistochemical analyses. Interestingly, the uptake 
characteristics from the FAPI-PET were corroborated post-
operatively through immunohistochemical staining of the 
corresponding specimen (Fig. 4), further underscoring the 
consistency between preoperative imaging and histological 
findings.

Immunohistochemical staining showed pronounced FAP 
expression in the excised tumor periphery, aligning with 

Fig. 2  Representative images of FAP (red signal) and CD31 (brown signal) immunohistochemistry of juvenile angiofibroma samples. (a) Sample 
11, (b) Sample 12, and (c) Sample 2

 

Fig. 1  Heatmap visualizing Delta-
Ct values for the genes FAP, 
PECAM1(CD31), and Vimentin 
(VIM) in juvenile angiofibroma 
(JA) samples. The color scale 
ranges from blue (high gene 
expression) to yellow (low gene 
expression)
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with higher expression at the tumor periphery and less in the 
center. Immunohistochemical reactivity against CD31 indi-
cates that FAP is primarily expressed near irregular vascular 
spaces, the proposed area of tumor origin.

Role of FAP in EMT and angiogenesis

FAP expression in JA may be explained by the epithelial-mes-
enchymal transition (EMT), a process that influences tumori-
genesis and progression. Previous studies have described 
EMT as contributing to tumor development [1, 3, 6, 7].

Hereby, EMT is a critical process in tumor biology that 
facilitates the transition of epithelial into mesenchymal 

showed FAP present in all investigated JAs. Most samples 
showed moderate FAP expression alongside vimentin and 
PECAM1/CD31. Individual cases exhibited variations, like 
higher vimentin with lower FAP and PECAM1/CD31, high-
lighting tumor morphological heterogeneity and regional 
adaptability. Additionally, comparisons of samples from the 
same patient revealed intratumoral heterogeneity based on 
the expression profile.

Immunohistochemical analyses confirmed heteroge-
neous FAP distribution, showing varying levels of expres-
sion based on stromal and endothelial components. This 
highlights the potential of targeting FAP in the diagnosis 
and treatment of JA. FAPI-PET revealed spatial allocation, 

Fig. 4  FAPI-PET/CT imaging and 
corresponding histological pro-
jection in juvenile angiofibroma 
(JA). (a) Axial fusion image of 
FAPI-PET and CT showing the 
tumor. (b) Magnified FAPI-PET 
view highlighting peripheral 
tracer uptake and central hypo-
uptake in JA. (c) Projection of the 
histological section (Hematoxylin 
and eosin (HE) staining) from the 
resected tumor, demonstrating 
spatial correlation with the imag-
ing findings

 

Fig. 3  Maximum intensity projection (middle) of 68Ga-FAPI-04 PET/CT of an 18-year-old man with histopathologically proven juvenile angiofi-
broma. Additional coronal (left) and axial (right) reconstructions
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expressed in the peripheral tumor tissue of JA, corrobo-
rated by studies showing its presence in human endothe-
lial cells, where it influences microvascular reorganization 
and capillary morphogenesis through enzymatic activity 
[33–37]. Busek et al. found that FAP is expressed by trans-
formed glioblastoma cells and stromal cells with mesen-
chymal markers near dysplastic blood vessels. This aligns 
with perivascular FAP staining in JAs. These mesenchy-
mal cells release pro-angiogenic factors, supporting tumor 
growth [25]. The angiogenic effects may also arise from its 
co-expression with MMP-9 as a “pro-angiogenic signaler” 
[38]. Moreover, an indirect influence of FAP on endothelial 

cells. Notably, the perivascular FAP expression in stromal 
cells correlates with the presence of EMT markers [25]. FAP 
expression has been observed, furthermore, not only in cells 
of mesenchymal origin [26–28] but also in transformed 
neuroectodermal cells [29]. They also contribute to tumor 
progression, invasion, and metastasis by modifying the 
extracellular matrix and further releasing pro-angiogenic 
signals [30–32].

Although the exact role of FAP in JA remains unclear, 
our findings offer insights into FAP’s potential role in tumor 
development in JA, indicating it may aid tumor progres-
sion via EMT and promote angiogenesis. FAP is primarily 

Fig. 5  Correlation of histology, FAPI-PET imaging, and immunohisto-
chemistry in juvenile angiofibroma. a) HE staining of an axial tumor 
section (Scale Bar 5.5 mm) matches the FAPI-PET/CT axial slice (a). 
Both images show the tumor periphery (black box) and vascularized 
center (yellow box) with marked regions. C, d (Scale Bar 100 µm) 

Immunohistochemical double staining for FAP (red signal) and CD31 
(brown signal) from the center (c) and periphery (d) of the tumor, ref-
erenced in A and B. Differential FAP expression is clear, with stronger 
staining in the periphery (d) than in the center (c)
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pattern, including the expansion of the sphenopalatine fora-
men, extension into the pterygopalatine fossa with ante-
rior bulging of the posterior maxillary sinus wall, as well 
as extension through other foramina and fissures. Bony 
destruction may also be observed at the pterygoid plate and 
along the sphenoid sinus floor. However, expanded patholo-
gies or atypically located JA and uncertainties from limited 
experience with this rare tumor can complicate radiological 
differentiation. Radiological assessment is often insufficient 
in clinical practice, and a biopsy of this highly vascularized 
tumor has a high risk of severe bleeding. Preferably, an angi-
ography is performed to determine the tumor’s blood supply 
and identify the typical vascularization pattern before tumor 
excision. Combined with MRI and CT, this method allows 
for the diagnosis of JA and gives the potential for simultane-
ous embolization during angiography.

Our data from retrospective expression and immu-
nohistochemical analyses and its validation through 
FAPI-PET/CT in a current case suggest that this imag-
ing modality is a sensitive tool for differential diagno-
sis. FAPI-PET/CT in preoperative diagnostic work could 
reduce the need for invasive diagnostic procedures, such 
as angiography, in case of no intended surgery and pre-
mature biopsies. This new diagnostic facility offers the 
chance for follow-up of residual tumors. Hereby, non-
intensive uptake in residual JA by FAPI-PET/CT sug-
gests no remarkable growth pattern, enabling a further 
wait and scan policy.

Surgery can be challenging in highly vascularized 
tumors. Reducing the amount of vascularity and shrink-
ing the JA size before the tumor is surgically removed 
is already of great interest. Therapeutic approaches that 
possess the potential to eradicate tumors completely, 
thereby making surgical interventions unnecessary, are 
particularly thrilling. In this context, innovative phar-
macological treatment options are of great interest for 
treating JAs. In other tumor diseases, numerous FAP 
inhibitors have been investigated, and also theranostic 
approaches have been explored in nuclear medicine. FAP 
tracers can be used for targeted radionuclide therapies, 
specifically destroying tumor cells while sparing healthy 
tissue. FAP molecules coupled with therapeutic emitters 
such as Yttrium-90 enable diagnostic and therapeutic 
applications [12]. First clinical applications with 90Y-, 
177Lu-, 225Ac-, and 153Sm-FAP tracers showed promis-
ing results [12, 14, 51]. FAP-binding peptides, such as 
FAP-2286, coupled to a radionuclide chelator, have been 
proposed for imaging using 68Ga-FAP-2286 and for 
therapeutic application using 177Lu-FAP-2286 in a wide 
range of FAP-positive tumors [51, 52].

Moreover, CAR-T cell therapies targeting FAP-express-
ing cells have also shown promising results in preclinical 

cell migration and neovascularization through extracellular 
matrix reorganization has been described [39]. These find-
ings suggest that FAP may contribute to tumor progression 
and angiogenesis in JAs. However, its exact pro-angiogenic 
effects should be explored in further studies. In addition to 
EMT, stromal activation processes and specific differentia-
tion pathways may also contribute to the expression of FAP 
in JA. In epithelial tumors, FAP is typically expressed by 
cancer-associated fibroblasts (CAFs), a heterogeneous pop-
ulation of stromal cells characterized by markers such as 
FAP, α-smooth muscle actin (SMA), and vimentin. These 
cells actively participate in extracellular matrix remodeling, 
immunomodulation, and angiogenesis [40–44]. Activated 
fibroblasts, called myofibroblasts, also play an important 
role in wound healing and fibrosis. A hallmark of functional 
myofibroblasts in this context is the expression of α-SMA, 
which is associated with increased contractility, ECM pro-
duction, and secretion of inflammatory mediators [45, 46].

In JA, immunohistochemical studies have shown α-SMA 
expression in vascular smooth muscle cells and focally in 
fibrotic-hyalinized stromal areas, suggesting localized myo-
fibroblastic differentiation [47, 48]. Liang et al. identified 
α-SMA-positive perivascular cells as pericytes. They pro-
posed that these cells are potential precursor cells of the 
fibrous tumor component, with transitional forms toward 
myofibroblasts being discussed [49].

A potential functional link between FAP and myofibro-
blasts is supported by preclinical studies demonstrating FAP 
as a marker of activated myofibroblasts during wound heal-
ing and tissue remodeling [50]. In a myocardial infarction 
model, FAPI-PET imaging was able to visualize the spatial 
activation of myofibroblasts, an observation that may repre-
sent an interesting parallel to our study. Further phenotypic 
and functional characterization of stromal cell populations 
in JA, particularly with regard to potential CAF-like fea-
tures, therefore appears warranted.

Clinical validation through FAPI-PET/CT, diagnostic 
and therapeutic implications

A significant innovation of our study is the clinical valida-
tion of the observed FAP expression in JA tissue samples 
using FAPI PET/CT imaging. An excellent correlation 
between uptake in 68Ga-FAPI-04 PET/CT and the tumoral 
FAP expression after immunohistochemical FAP-stain-
ing with a higher expression in the periphery and a lower 
amount in the tumor center was shown. This heterogeneous 
FAP distribution suggests the beginning of EMT in the 
tumor periphery, associated with possible ECM remodeling.

Usually performed magnetic resonance imaging (MRI) 
and additional computed tomography (CT) scans reveal, in 
general, a highly vascularized lesion with a unique growth 
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Conclusion

To our knowledge, this is the first study demonstrating FAP 
expression in JA. We demonstrated its diagnostic signifi-
cance through an integrative, sequential “from-bench-to-
bedside” approach by successfully using FAPI-PET/CT as a 
new diagnostic modality in these tumors. However, further 
investigations are necessary to exploit clinical experience 
and the potential of FAP-targeted approaches in clinical 
practice to optimize diagnosis and therapy in JA.

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​0​​0​2​5​9​-​0​
2​5​-​0​7​4​6​8​-​9.

Acknowledgements  We would like to thank Mrs. Heidi Loch for her 
generous donation to support our research. We also thank Carolin 
Bick, Ulrike Bechtel, and Geraldine Radwan for their technical assis-
tance. We acknowledge support by the Saarland University within the 
‘Open Access Publication Funding’ program.

Author contributions  Conceptualization: Lukas Pillong, Silke Wem-
mert, Bernhard Schick; Methodology: Silke Wemmert, Lukas Pillong, 
Maximilian Linxweiler, Alessandro Bozzato, Betül Demirkol, Rafail 
Ebner, Caroline Burgard, Florian Rosar; Investigation: Lukas Pillong, 
Silke Wemmert, Bernhard Schick; Writing– original draft: Lukas Pil-
long, Silke Wemmert; Writing– review & editing: Lukas Pillong, Silke 
Wemmert, Caroline Burgard, Bernhard Schick; Supervision: Lukas 
Pillong, Bernhard Schick, Silke Wemmert.

Funding  Open Access funding enabled and organized by Projekt 
DEAL. This work was supported by a donation from Mrs. Heidi Loch.

Data availability  The datasets generated and/or analyzed during the 
current study are available from the corresponding author upon reason-
able request.

Declarations

Ethics approval/institutional review board statement  The study was 
conducted in accordance with the Declaration of Helsinki and ap-
proved by the Institutional Review Board (or Ethics Committee) of 
Saarland University (protocol code #218/10, approved on 16 Decem-
ber 2010).

Consent to participate  Informed Consent Statement: Informed con-
sent was obtained from all subjects involved in the study.

Consent to publish  The authors affirm that human research partici-
pants provided informed consent to publish all data and images in this 
article.

Conflicts of interest  The authors declare no conflicts of interest.

Open Access   This article is licensed under a Creative Commons 
Attribution 4.0 International License, which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, 
as long as you give appropriate credit to the original author(s) and the 

studies and are becoming an effective treatment method 
[53–55]. In addition, FAP-targeted monoclonal antibodies 
are under investigation [56, 57]. Furthermore, small-mole-
cule inhibitors [58], combined with cytostatics [59] or che-
motherapeutics [60], showed promising results in Phase II 
trials.

The identification of FAP in JA opens new diagnostic and 
treatment possibilities. These could enhance outcomes and 
lower risks associated with conventional treatments in com-
plex cases.

Limitations

Although our study is promising and provides novel insights, 
several limitations must be considered. The heterogeneity 
of JA may result in pronounced interindividual variabil-
ity in FAP expression, influenced by clinical factors such 
as patient age, tumor size, and stage, as well as by fibrotic 
remodeling processes and EMT activity. This heterogeneity 
may impact the sensitivity and specificity of FAPI-PET/CT 
imaging, as well as the efficacy of FAP-targeted therapies. 
Functional studies investigating the role of FAP in tumor 
progression and signaling pathway interactions are there-
fore needed to deepen our understanding of FAPI-PET/CT 
diagnostics across different patient subgroups and to refine 
potential therapeutic targets.

Furthermore, increased FAP expression has also been 
reported in benign conditions [40, 45], which may limit the 
specificity of FAPI-PET/CT for JA. Comparative analy-
ses with other benign lesions of the nasopharyngeal region 
are thus required to validate the specificity of this imaging 
modality. Additionally, although JA is a benign tumor, its 
locally aggressive growth pattern and imaging character-
istics can overlap with those of malignant head and neck 
tumors, such as nasopharyngeal carcinoma [61–63], and 
may even be difficult to distinguish from mesenchymal 
malignancies such as sarcomas [64]. In this context, a 
recent study demonstrated high FAP expression in vari-
ous sarcomas [64], underscoring the need for cautious 
interpretation of FAPI-PET/CT results and thorough dif-
ferential diagnosis. Therefore, FAPI-PET/CT findings in 
JA should always be interpreted within the clinical con-
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